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Josephson Tunneling
Through Normal Metal Barriers

ABSTRAGT

New phase~lock techniques have been employed to
study the electrical and magnetic properties of super-
conductor-normal metal—-superconductor junctions. The

junctions were of the mechanical contact type; using tin

and gOlde

o}
Josephson tunneling was observed through 10,500A of
gold, and the current-voltage characteristics were found

to agree with current theories, including the effects of

fluctuations.

Voltage-magnetic field characteristics were used to
verify the existence of "excess supercurrents” in the
junction, and to determine the previously unknown current

carrying area of the junction.

A model, based on the deGennes theory and taking
into account the effect of barrier resistance, was

proposed to explain the data. The critical current



ii

dependence on the normal metal thickness, resistance and

temperature was in agreement with the theory.

It was found experimentally that the I-V character~
istics can be modified by a control current, introduced

directly into the N region of the SNS junction.

Author: Roger R. Rockefeller
Advisors Professor Hans Meissner

May, 1970
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I. Introduction.

I.A. History and Background.

The discovery of superconductivity became possible
when Kamerlingh Omnes succeeéeded in liquifying helium.
Liquid helium exists at a temperature of 4.2 degrees
Kelvin (X) under atmospheric pressure and it provides one
with a liquid bath environment for the study of phenomena

at low temperatures.

While studying the properties of mercury at low

1,2 that the electrical resis-

temperatures, Onnes noticed
tance of his sample became immeasurably small below 4K.
This was the discovery Qf superconductivity. Soon, there
were many polyvalent metals found whose resistance appar-
ently dropped'to zZero below a characteristic temperature
called the transition temperature, Tb « The metals that
exhibit this behavior are called superconductors and the

currents that flow through them, in the absence of a

1. H., Kemerlingh Onnes, Leiden Comm.,122b, 124c (1911).
2. H. Kamerlingh Onnes, Leiden Comm., Suppl. No.34 (1913).,



resistance, are called supercurrents. It was also no-
ticed that, in an applied magnetic field H, the super-
conductor loses ifs properfy of zero resistance. The
characteristic field for which this occurs is called the

critical field He‘

In 1933, Walther Meissner and R. Ochsenfeld showed
that a superconductor is not accurately described as just
an ideal conductor,3 In addition to its property of zero
resistance, it acts like a perfect diamagnetic material,
The discovery that a superconductor will expel magnetic
flux, B, from its interior implies that the transition
from the superconducting state to the non-superconducting
(normal) state is thermodynamically reversible. It
follows that H = -4WM inside the superconductor in an

applied field, where M is the magnetization,

I.B. Theoretical Background.

Thermodynamics was first applied to the problem of

3. W. HMeissner and R. Ochsenfeld, Naturviss 21,787 (1933)



superconductivity by Gorter and Casimir4e In a magnetic

field, the Gibbs free energy is given by,

G (T,H) = G (T,0) + HY/BW I.B.1

which leads to the free energy difference between the

normal and superconducting states,
2
G, (T,0) - G,(T,0) = HZ /8, I.B.2

The basic thermodynamic approach to superconduct-
ivity is to find an expression for *the free energy of the
particular superconducting state being examined. Then,
this expression is minimized, using the calculus of vari-
ations,. This procedure yields conditions for the equilib-
rium state of the system. An example of this approach
will give one the spatial dependence of H in a super-
conductor. The free energy is written in terms of the

magnetic field,

4. C. Gorter and H.B.G. Casimir, Physica 1, 306 (1934).

5. P.G. deGennes, Superconductivity of Metals and Alloys
(W.A. Benjamin, Inc.,New York, 196b), Chapter 1,




GS(H) = E0 + Ekin(H) + Emag(H) I.B.3

where Eo is the total free energy of the electrons at

rest in the superconductor, E is the kinetic energy

kin

of the superconducting currents and Emag

associated with the applied magnetic field. This equation

is the energy

becones,
G (H) = E, + (1/8%) S(H2 + N2 luxE)?)adr  1.B.4
with }\L equal to,
)\L = (m02/41mse2)% I.B.5

and m is the effective mass of the electron, ¢ is the
velocity of light, e is the charge of the electron, and

'ns is the density of superconducting electrons in the

metal*. Here, n_ refers to the Gorter and Casimir4

=]

*CGS units will be used throughout this work unless other-
wise noted.



phenomenological two-fluid model of superconductivity*.

Assuming that n is independent of H and using the

S
calculus of variations, 8 condition on H is found. 1In
the case of a semi-infinite, flat, superconducting slab

the tangential magnetic field is given by,
H (z) = H (0) exp(-z/)) I.B.6

in the superconductor. The normal to the surface is in
the  z-~direction. That is; the magnetic field penetrates
the superconductor for a distance ‘on the order of A, ,
called the ILondon penetration depth, after the men®? 7

who proposed it. Typically, AN, is of the order of 1077
to 1070 cm.

*Here, it is assumed that in the superconducting phase, a
certain fraction of the conduction electrons condense
into an ordered state which does not contribute to the
entropy of the system. These are the so-called super-
conducting electrons. The remaining electrons are in
the normal state., While not rigorously correct in the
light of the current microscopic theory, this model is
useful in picturing many aspects of superconductivity.

6. P, London and H. London, Proc. Roy. Soc. Al49, 71(1935).
7. F. London and H, London, Physica, 2, 341 (1935).



‘The Meissner effect and Eq. I.B.6 can also be der-
ived from electrodynamic equations if one replaces Ohm's
law by another reldtionship in a superconductor. The super—

current density, J

£

g 9 is written as,

. 4
Jg(r) = -(c/4mA)A I.B.7

where A 1s the vector potential defined by VXA = H

in the gauge V-A = 0 . The force equation, m dy/dt =

-c¢E may be written (using the relation, js =z ~nsey) as,

2 2
dj/at = (c/4MA)E I.B.8

Equations I.B.7 & I.B.8 are known as the Lon.don6’7
equations. They can be combined to give Egq. I.B.6 as
‘well as other features of supercondﬁctivity and are especi-
ally important in that they show the relationship between

the supercurrent and the magnetic field.

In the absense of a magnetic field, the superconductor
experiences a transition of the second order in going to
the normal state. In a magnetic field, the transition oc-
curs when T £ TC(H =0) and it is a first order transi-

tion. The critical field is temperature dependent and is



described to within a few percent by,
H (D) = H(O)[1 - (1/17,)%]) I.B.7

This is plotted in Fig. 1, This figure is also an

LY 1]

I

NORMAL

SUPERCONDUCTING

H/H,

0 05 l
/T,

FPig, 1. The Critical
Magnetic Field vs Temperature.

equilibrium phase diagram. The state of the system, at
any point on the diagram, is independent of the path that

is taken to reach it.



I.C.. Non-Local Electrodynamics.

From experimeﬁts, Pippard8'9 realized that the penet-
ration depth was a function of the mean-free-path, {.
This fact becomes apparent when AL is of the order of £.
Following a similiar treatment used in the anomalousAskin
effect in normal metals, Pippard proposed that the local
London equation (Egq. I.B.7) be replaced by the non-local

relation,
2 2 {'({' i A) 3
Jg(0) = (3e/16W 8 AL) ) =7 exp(-r/§)d°r  I.C.1

Here, ¥, is a constant, while § = §(R) . Both have the
units of length. go‘is an intiinsic length (called the
intrinsic coherence length) of the pure superconductor at
T=0 I (1) is a characteristic length of the super-
conductor which describes the distance over which the
effects of a perturbing force are important. It is called
the Pippard coherence length. The functional dependence

of ¥(%) was not theoretically determined and experiment-

8. A.B.Pippard, Proc.Roy.Soc. (London) A203, 210 (1950).

9., A.B.Pippard, Proc.Roy.Soc. (London) A216, 547 (1953).



ally it obeyed a relation,

/38 = /3, + 1/0.84 I.C.2

This indicates that ¥(4) is always smaller than §° and
appro'a.ches' Eo as #>»e. ¥, can be determined from the
microscopic theory (and was expefimentally determined by

Pippard) and is,

vy is the Permi velocity. J, is approximately the
minimum size of an ensemble of electrons, at the Fermi

surface, with an energy kZT,.

To swmmarize, Pippard had shown that the super-
conducting electrons (or their quantum mechanical wave
functions) are not rigid in an applied magnetic field,
but could be perturbed, from a point, ovér a distance ¥(4).
That is, the coherence length is the minimum distance over
which any substantial change in the properties of a super-

conductor can take place.
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I.D. The Microscopic Theory.

The microscopic theory is a quantum mechanical theory
that describes superconductivity within the framework of
electrons interacting in a metal lattice. The groundwork
was done by H. Frolichl? who noted that electrons, in a
lattice, may experience attractive interactions through
coupling by lattice vibrations (phonon coujling}. He was
able to show that some phenomena such as the isotope effect
foliowed from these interactions.

In 1956 , COOPerl was able to show that a pair of
electrons, just above the Fermi surface, could form a
bound state if there were any sort of atiractive force
between them. - This led to the fundamental DBardeen,

Cooper, Schrieffert? (BCS) theory.

BCS envision a ground state of the electronic system
composed of Cooper (électron) pairs. These are electrons

with equal and opposite spin and momentum, coupled by

10. H. Frélich, Phys. Rev. 79, 845 (1950).
11. I.N. Cooper, Phys. Rev. 104, 1189 (1956).

12. J. Bardeen, L.N. Cooper and J.R. Schrieffer, Phys.
Rev. 106, 162 (1957); 108, 1175 (1957).



phonon interactions and separated by as much as a coherence
length. The ground state is separated from the excited
states by an energ& gap N (T).vwhich.is essentially the
energy required to break up a Cooper pair. The BCS

theory characterizes a metal by its Debye temperature,®@ ,
its electron density of states at the Fermi level, N(Ef),‘
and an elecfron~1attice—electron interaction potential, V.

It predicts a transition temperature,
T, = 1.14 @ expll/N(E,)V] I.D.1

which is adequately confirmed by experiment. The .BCS
theory also confirms the existance of Pippard's intrinsic

coherence length (Eg. I.C.3) and supplies the value of the

constant 0.18 .

I.E. The Ginzburg~Landau Theory.

In 1950 , well before the development of the micro-
scopic theory, Ginzburg and Landaul3 produced a powerful

and intuitively satisfying phénomenological theory of

13. V.IL. Gingburg and L.D. Landau, J.E.T.P. 20, 1064
(1950) .



12

superconductivity. They proposed the existence of a com~
plex function, Y (r) , to characterize the suéerconducting
state of a material. They assumed that Y (r) represen-
ted some “effecti%e wave function" of the superconducting
electrons. They chose a normalization such that Tf’?r) Y(x)
represented the density of superconducting electrons, |
Ginzburg and Landau (GL) poinf out that Y’(r) is only
determined to within a multiplicative phase factor of
éxp(i@) , since all observable quantities involve the pro-
duct V’t?' . They then choose a free energy approach to
find rélations for ¥ and other variables of the problem.
The following analysis is a synthesis of the work of de-

Gennes5, Mercereau14, Chandrasekhar14, Werthamer14

son14, and Lynton15.

, Joseph-

The free energy of a superconductor can be expanded
in terms of its characteristic parémeter 1V1W’= !HVJZ.
The term ¥ will be refered to as the “"order parameter".
Near the transition temperature, |“¥'ﬁ is small and an

. . . A . . .
expression to the second order in |¥| is valid. That is,

14. Superconductivity (Marcel Dekker, Inc., New York,
1060) edited by RKR.D. Parks. Chapters 8,1,6 & 9.

15. E.A. Lynton, Superconductivity (John VWiley & Sons,
Kew York, 1964).
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4
c(I¥ =g+ o ¥+ 51V LE.

in the absense of a magnetic field. The quantities o
and B are expansion coefficients to be determined. If
we include the effect of a magnetic field, two terms must

be added to Eg. I.E.1. The first is,
2
(1/2m)[ (-inV - 2ea/c)¥ ] I.E.2

which preserves the gauge invariarce of G in a magnetic
field. It is noteworthy that the term VY is that term
which leads to an energy associated with a spatial varia-
tion of ¥ (due to the presence of 4 , for instance).
This is equivalent to saying that Y cannot change too
quickly with distance (it requires too much energy) and
thus introduces the concept of a range of coherence. The

second term to be added is the energy H?/81r .

The coefficients o and £ can be shown (Ref.5, pasge

175) to be,



(D) = (1, - DiFhgy = /b -2/
I.E.3

A (T)

p(r,) ® (1/N) (B/m¥okr_)2 I.E.4

near Tc . Note that o is temperature dependent.
Minimizing the free energy expression with respect

to ¥ and 4, the following equations for equilibrium

are obtained.

2
Y+ AIWIY + (1/2m)(-1iMY - 2e4/c)°¥P =0  I.E.5

2 . . x X 2 *
(e Vy/dm) = j, = (eB/im) (YVY-YV¥) - (4e"/me)¥¥a

4

I.E.G

These are the Ginzburg-Landau equations. The boundary

conditions to be used with these equations are,
(-iay - 2ed/c) ¥ =0 I.E.7

for the vacuum-superconductor interface, and,

14
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(-ih¥Y - 2ed/c) ¥ = ia Y I.E.8

for the interface between a normal metal and a supercon-
ductor. a, is a real constant.

For weak fields, where Y does not change spatially,
that is when V¥ ~0 » the GL equation I.E.6 reduces

to Londons equation, or its equivalent form,

2 2
(161e?/me?) W4 = 4N 4 I.E.9

n

2
Vi

where the factor of 4 comes from the fact that a Cooper

2
pair has a charge of -2e, and ng =}¥| has been used.

To illustrate how a characteristic coherence length
follows from the GIL equations, consider the case where
Y = ¥ (x) and the currents and magnetic fields are small
Eq. I.E.5 reduces to,

—(h2/2m)d2¢/dx2»+ LY 4+ 5‘9”3: 0 I.E.10

where, in an unperturbed superconducting state, Y (x) is

just the constant given by,
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2 2 '
Yix) =Y =-/p I.E.11

Now consider what happens when the superconductor
undergoes a change at some point, so that Y(x) is per-
turbed. Eq. I.E. 10 can be simplified by writing it in

terms of a reduced order parameter, F(x), such that,

T = PO = (-4 FP(x) LE 12

Then Eq. I.E. 10 reduces to16

2 3

PP /ax? + T -F =0 I.E. 13

GL

with,
2 .2
¥ = 1/2mlx| I1.E. 14
GL
As can be seen from the form of this equation for

T (%), EGLiS a characteristic length, over which

T (x) cannot vary rapidly. It is called the Ginzburg-

16. deGennes, see ref. 5, p. 178.
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Landau coherence length and, near Tc, has the temper-

atureVélepenclence,i7

3(1) = 0.748,[1,/ (T, - TH® I.E.15
(for{a pure metal)

E(1) = 0.85[E, 2 7/ (1, - DIF I.E.16
(for a dirty metal)

A dirty metal is one in which the mean-free-path is

mudh less than the coherence length.

II. Theory of the Experiment.

II.A. The Ginzburg-Landau Theory Applied to N-5 Junctions.

The G-L theory allows one to find the order para-
meter in a superconductor when the superconductor borders
on a normal (an S-N interface) metal. Consider the one-
dimensional problem of a normal metal (occupying the half-

space —-a@ { x <4 0 ) in contact with a superconductor

17. deGennes, see ref. 5, p.225,
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(occupying the half-space 0 4 x £ ¢0 ) at the plane

x = 0. The solution'® to Eq. I.E.13 is,

T (x) = tanbf(x - x JNZ 54 1 II.Aa

The quantity X, must be chosen to satisfy the boundary

condition given by Eq. I.E.8. This can be written,
VU = aW@/ax | o= T/ II.4.2

2.
where h and W = (-8B /ot )® have been absorbed into
the constant 1/b . Then b determines the magnitude of
T at the boundary. It is usually called the extrapol-

ation length. 18

If x,« §, , then -x ~ b . The
solution for T (x) also satisfies the boundary condition

at x >0 (see Eé. I.E.7 ).

In Fig. 2 a plot of Y (x) vs. x is shown.

The value of b has been chosen as 0.2 §_ . The value

of ¥ (x) at the boundary x = O may be closely

approximated by assuming that,

18, deGennes, see ref. 5, p.233.
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T (x=0)= A2, II.4.3

It is shown in Fig. 2 that,
T (x) = [1/(b + VZ 5, )Ix + (WAT E,) II.A.4

is a reasonable approximation‘to Egq. II.A.l.

1.0 T T
1
. I
b, .
Ot I: %, % . b
; ; / -‘Ir b+E-§6‘+ E;a vs X
0.5k ! _1
. . v X+b
> F: V- Tanh{}f}g vsX i
(Y
(o] 1 e 1
o 5 25, 35,
X

Fig. 2 TP (x) vs. x

II.B., The deGennes Theory of an N-S Junction.

To find the order parameter in a normal metal,near
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‘an. N-S Dboundary, a theory of deGennes19 is used.

A “condensation amplitude", F(x), is defined by

deGennes as,

F(x) = {Yx) 14»3(::)) II.B.1

where 'ah(x) -and ﬁb(x) are ammihilation operators for
an electron with spin up and spin down, respectively.
F(x) denotes the probability amplitude for finding two
electrons in the condensed state at the point x. Then,

Y (x) can be replaced by F(x) in the following work.

F(x) is related to the energy gap by the expression,
Alx) = V(x)P(x). V(x) is the interaction potential.
A(x) is a spatially dependent energy gap function, first

20-22

introduced by Gor'kov in his microscopic derivation

of the G-L equations. It is called the pair potential.

19. DP.G. deGennes, Rev. Mod. Phys. 36, 224 (1964).

20. L.P, Gor'kov, J.E.T.P. 36, 1918; 37, 833, 1407T;
Soviet Physics JETP 9, 1364 (1959).

21. L.P. Gor'kov, J.E.T.P. 34, 735; Soviet Physics JETP
7, 505 (1958].

22, L.P. Gor'kov, Soviet Physics JETP 10, 593, 998 (1960).



According to Deutscher and deGenne523, the behavior
of F(x) = FN(x) in the normal metal is given by,

Fp(x) = A(x)exp(- Klx) II.B.2

for |xl )K-1. A(x) is a slowly varying function of x

(the distance from the boundary) and can be neglected com—

pared to the exponential term. If the normal metal has a

transition temperature, T,y, then for T,.>0, 1 is

given by, 24

K= FI1 4+ 2/In(T/Tgy)] II.B.3

I3 , is the coherence length in the normal metal and is

23

given by,

§N = ‘hvy /2nkT in the clean limit II.B.4

and,

1
§N= (thQN /6nkT)®  in the dirty limit  II.B.5

23. G. Deutscher and P.G. deGennes, see ref. 14, p.1006.
24, J. Clarke, Proc. Roy. Soc. A308, 447 (1969).

21
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" Two other boundary ccmditions16’25 to be . met at the

N~S interface are,

Fy(0)/Ny = Fg(0)/Ng II.B.6
and |

vidy dFN(x)/dxl = vl dFs(x)/dxlxzo IT.B.7

x=0

where Ng and Ny are the respective densities of state
(at the Permi surface) in the S and N materials. Fg
is the value of P in the superconductor. It will be

assumed that N, = N

S N S° that,

FN(O) = FS(O) = 7(0) I1.B.8

Then Eg. II.A.3 becomes,

F(0)/Fg(0) = PARE, I1.B.9

and Eq. II.B.2 ecan be approximated by,

25« N.R. Werthamer, Phys. Rev. 132, 2440 (1963).
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Fy(x) = [Fg0)b/VZ 5 Jexp(-|xI/% ) II.B.10

where T, is assumed to be zero. On the S side of the

inf.erfa.ce, Eq. IT.A.4 becomes,
Fy(x) = ,Fs(w)X/(b +ZE) + Fg () bAz¥, IT.B.11
far-' 0L xKVZF, and,
FS(X) = Fs(oo) IT.B.12

for x 52 Ec,:.‘ Prom Eq. IT.B.7, the extrapolation length

is given by,
b = VS’QSEN/VN'QN II.B.13

The c'ondensation amplitude has now been determined

in the vicinity of an N-S boundary.
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1I.C. The Josephson Effect.

The fact that supercurrents can pass through a thin
layer of non-superconducting material, sandwiched between
two superconductors, was experimentally discovered by

He MeissnerZG, Pours years later, Josephson27

wrote a-

theoretical paper explaining the superconducting tunnel-
ing of Cooper pairs and predicting other effects such as
a.c. (alternating éurrent) supercurrents at finite volt-
ages, d.c. (direct current) current steps in r.f. (radib

frequency) fields and magnetic interference.

Josephson used the method of the tummeling Hamilton-
ian, in which the transfer of normal electrons is the
primary process. He then showed that a secondary process,
which had previously escaped notice, was the transfer of
electron pairs, giving rise to a supercurrent. In the
original paper, it was noted that the non-superconducting
material could be either an insulator or a normal metal.

However, most of the following work was with insulators

26. H. Meissner, Phys. Rev. 109, 686 (1958).
27. B.D. Josephson, Phys. Letters 1, 251 (1962).



and only the SIS (superconductor-insulator-superconductor)
junction is widely known as a "Josephson junction®. The
SNS (superconductor-normal metal-superconductor) junction
is, in fact, quite similar to the SIS junction. The
primary differences are in the magnitude of the super-
currents (commonly called Josephson currents),'their
temperature dependence and, at finite voltages, the co-
existence of large normal currents. A wave-mechanical
derivation of the Josephson effect, based on the G-L
theory will be presented here.

In the presence of a small current, the complex
nature of the condensation amplitu@e F = |F|lexp(ie)
must be considered., The absolute phase © is undetermined
by the G-L equations. That is, if F1 is a solution
" to the G-L equations, then F, exp(i®) 1is also a
solution. However, phase differences in superconductors
are determinéd‘in these equations. The fact that phase
differences are determined implies that the phase is a
variable having the property of long—rahge—order. As
pointed out by Anderson28, the phase is both a thermo-

dynamic and a dynamic variable, with a time dependence,

28. P.W. Anderson, Rev.Mod.Phys. 38, 298 (1966).

25



ch d8/dt = 9G/an = p = qV 11.C.1

where G 1is the free energy, q 1is the charge (g = 2e
for a Cooper pair), n is the number of particles des—
cribed by & and n 1is the chemical potential. This

relation, with q = 2e, is also known as the Josephson

frequency relation.

The 1ong-ra.nge-or&er in @& 1is due to the interactions
of the electrons in the-supercoﬁductor. If two super-
conductors are physically separated, the motion of the
electrons in one are in&épendent of the motion in the
other. Then ©, in one superconductor is not correlated
with ©, in the other. If the two superconductors are
brought together in such a manner as to allow a small
fraction of the electrons in one to flow to the other, the
phases may become correlated, if not equal. This is called
weak-coupling. Methods of producing weak-coupling include
the placing of a thin layer of normal metal, a very thin
layer of oxide or a narrow superconducting bridge between
the two superconductors. The microscopic theory shows
that the supercurrent (Josephson current), that may pass

through such a weak-link, has the phase dependence,

26
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I, = Igsin(e, -6,) II.C.2
where I is a parameter to be discussed.

The derivation of Eg. II.C.2 , from deGennesa theory
of an SHS junction19, depends on the microscopic result
that FN decays exponentially with distance in the normal

metal. Consider the SNS junction shown in Fig. 3.

Pig., 3 A Model
of an SNS junction.

The condensation amplitude, evaluated in the normal metal,
has a contribution from each superconductor. Assuming
that the two superconductors are identical, so that g;xa

is the same in each, Eq.II.B.10 Dbecomes,



Fu(x) = [Fqlo)bAZ E 1X

{éxp[—(x + a)/§N+ i91] + expl(x - a)/§N+ iGZjS II.C.3
where 91 and 82 are the phases in the superconductors
on each side of the normal metal. The factor #*a has
been added to obtain the proper boundary conditions at

the interfaces (x = ta). The total thickness of the nor—

mal is, JN = 28.

To obtain the Josephson supercurrent density, js, use
is made of Egq. I.E.6. For small (or zero) magnetic

fields, it becomes,
jg = (en/mi)(F dF/dx - FAF /dx) II.C.4

Making the substitution for FN(X) given by Eg.II.C.3,

the x dependence drops out and js becones,

ig = i.8in(6, - ©,) II.C.5

with jc given by,
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2v292 en|r ()] 2%,

P Y
VNQN‘m EGL

i, = exp(—d;\r /fN) II.C.6

Eq.II.B.13 has been substituted for b. It can be seen
that the supercurrent density depends eXponenti_ally on the

normal metal thickness, 2a.

jo 1s called the critical Josephson current density.
It is temperature dependent, as can be seen by examining
Sy Egp 1is given by Eq.I.E.15, and §N is given by
Eq.II.B.5. The temperature dependence of FS(oo) is the
same as that of the energy gap>’. Making these substitu—
tions, and introducing the reduced' temperature, t = T/ Ty

and a reduced energy gap, A(t)/A(0), it is found that,

5o(t) = DIA(6)/B(0)1% +75(1 = Dexp(~dy /By)  II.C.7

with a temperature independent quantity, D, given by,

202 2 %
2vsl!S eh A<(0) ('thfN) 2

mv72 g2

D= 5 T 5
v (617ch)2(0.55§0)

I1.C.8
N°N

29. G, Rickayzen, see ref. 14, p.75.



- It is convenient to look at the 1ln j,, given by,

. - i i
In j (%) =C, + £(t) - d’N(6wkmc/thfN)2 £=
11.C.9

Where CO = 1ln D, and,

£(1) = 1n[ A(£)/A0) 1272 (1 - 1) II.C.10

]

£(t) has been calculated and plotted vs t in Fig. 4.

Figz. 4 f(t) vs t.

A £
Near TC,‘A(t) varies as (1 - t)* and t* variations

are negligible. Then jc(t) has the dependence,

30



ig(8) ¢ (1 -2  for t~1  ILC.11

For low temperatures, A(t) does not vary rapidly
and the exponential term in o(t) will dominate. That

is,

L i
in jc(t)c< - t* for t « 1 I1.C.12

For intermediate temperatures, the complete expres-

gion derived for jc(t) must be used.

II.D. Magnetic Properties of the Josephson Junction.

I1.D.1. Quantum Interference.

In a magnetic field, the phase difference of the
condensation amplitude, across a barrier, is not an in-
varient qggntity. To make it so,3o’31 a factor of
(—2e/hc)£k-dl must be added so that,

!

30. P.W, Anderson and J.l. Rowell, Phys. Rev. Let. 10,
230 (1963).

31. B.D. Josephson, Rev. Mod. Phys. 36, 216 (1964).



2
F(x,A) = F(x,O)exp[(—Zie/hc)SAxdx ] II.D.1

The effects of a magnetic field upon a Josephson
junction were first observed by Rowell32s They are direct
proof of quantum interference on a macroscopic scale. The

effect may be calculated as follows§3

Consider the two-dimensional junction shown in Fig.b.

.’
S »i/;‘/l: S 1
________ / yé/!
T

Fig. 5 A Two Dimensional SNS Junction
in an Applied, Normal Magnetic Field, H

y

32. J.M. Rowell, Phys. Rev. Let. 11, 200 (1963).

33. R.P. Feymman, R.B. Leighton and M. Sands, Lectures
on Physics (Addison~Wesley, Mass. 1964) Vol.I1II, Ch.Z.
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The total supercurrent, I, through the junction, is

given by,

2e 2

I Azdz]dxdy

l

Iy = \g‘barrier jcSinEG‘t + e2 - o
area

IT.D.2

where the line integral is eva,lua'ted over the distance
d = J.N + 2A. A is the penetration depth. The current
carrying area of the junction is just 2X12y1 » The line
integral becomes H yxd. Then, introducing the quantum

*
unit of flux, ¥,

$ = he/2e II.D.3

[+}

the supercurrent can be expressed as,

I -_-S' i sin[6, - 0, + (2'nnyd/§°)]dxdy II.D.4
- Baggler

*In the CGS system, Eo has the value, 2;07)(10-7 gau.ss»cmz,

In the MK% system, §_= h/2e and has the value,
2.07x10"15 webers.
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This can be rewritten in terms of exponentials as,

- x,’gl
I, = jcgm[exp[i(62 —91)]Sexp(211nyd/“§°)dxdy] II.D.5
"'x: 7‘19

where & means "the imaginary part of". Performing the

integration and multiplYing by 1= 2x1/2x1 s this becomes,

2X,2y
= 1771 - _ .
I, = Jg o °s:.n(e2 EH)Sln(Zﬂny1d/§;),

II.D.6

Noting that 2X1Hyd is the magnetic flux 2 , through the
junction, and inserting absolute value signs, since the
direction of current flow depends on external conditions,

the supercurrent becomes,

IS = ImSin(gz "‘91) IIOD07
where,

In

I, sin(m2/2)/ (WE/%,) I11.D.8

and I, is the critical Josephson current and I is

a maximum critical Josephson current.

Another case of interest is that of two similar
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Josephson junctions in parallel. The circuit is illus~

trated in Pig.b6.

Path 1 s Ivls

¢ —pe
T 1
! I
! 1
1

; !
B !
! !

a || i b
' } b
1] | po——e
} i
i |
{ !
| H
1 ) |
i ‘ |
! SN S N
e e e = = —-—-..-..._—i-._.J
— '

Path 2

Fig.6 Two Josephson
Junctions in Parallel.

The condensation amplitude is again given by Eq.IID.1
and the difference in amplitude between points a and b

must be independent of the path taken for the line integ-

ral. Performing the integration-33 s it is found that

in(vE |
I = 210'81?1i§//§§f Hcos(‘h‘fr/io)l II.D.9
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where I, is the critical Josephson current qf‘the in-
dividual junctions and Im is the total maximum Josephson
current. ¢ 1is the magnetic flux passing through each
junction and §g.ié the total magnetic flux enclosed between
~the two junctions. This is a quantum interference effect
and was first seen by dJaklevic, Lambe and Silver34. The
double junction is pertinent to this work becaﬁse multiple

junctions may arise in mechanical contacts. The experi-

mental results verify this.

II.D.2. The Josephson Penetration Depth.

It has been shown by Ferrell and Prange35 that the
magnetic field of a supercurrent, flowing through a Jog-
ephson junction, exhibits a Meissner effect which in turn
limits the maximum current. This 1s called self-field
limiting. The characteristic length of the magnetic field

penetration into the junction is,

X
2

Ay = (Bc?/ 8T ed) I1.D.10

34, R.C. Jaklevic, J.J. Lambe and A.H. Silver, Phys. Rev.
Let. 12, 159 (1964).

35. Re.A. Ferrell and R.E. Prange, Phys. Rev. Let. 10,
479 (1963).
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AJ is called the Josephson penetration depth. As
defined in Fig.5, d =dy + 2A. Thus, if the width of
the junction is less than ,kJ, we can aésume that the cur-
rent is evenly distributed throughout the junctione’ How-
ever, if the width is much greater than‘.AJ, the current
will be confined to the area within a distance 7\J from
the edge of the junction. These results are approximate,
as the problem has not been solved exactly for a finite

geometry., Typically, ,AJ is of the order of 0.1mm.

II.E. Electrical Characteristics of the Josephson Junction.

II.E.1. Current-Voltage Characteristics.

When the current flowing through a Josephson junction
is less than the maximum critical current, Eq.II.D.7 is
applicable and there is no voltage across the junction.
When I 1is exceeded, a voltage will appear and the char-

acteristics of the junction will be modified.

In the presence of a voltage, the condensation amp-

litude becomes,36

36, Feynman et.al., see ref. 33, Vol. II, p.15-10.
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P(x,V) = P(x,0) expl (2ie/n0) vat] ILE

so that the phase difference across the junction becomes
time dependent. The rate of change of this phase differ-

ence, $(t), is given by,

V(t) = (B,/2m)ad(t)/at II.E.2

which is just the Josephson frequency relation given in

qu IIOCI1.

An equivalent circuit for the Josephson junction,

driven by a current source, is shown in Fig.7.

; I
lﬂF* >
&
£ 2 ke

" IC(E)

C
I, ()

vy —9
1,01

RN

Fig.7 Equivalent Circuit For
A Josephson Junction and Current Source.
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The external current, I, is kept constant by a large
series resistance, RS, and an unavoidable lead inductance,

L. C 1is the effective capacitance of the junction and RN

is the resistance of the junction in the normal state.

The time dependent voltage, V(t), excites both a
quasi-particle current, Iq(t), and a displacement current,
Ic(t)g In a two-fluid model,4’37 the quasi-particle cur-
rent corresponds to the normal electron current and can

encounter a resistance. It is expected that the resistance

would be the same as RN’ The sum: of all currents must be,
I = Is(t) + Iq(t) + Ic(t) I1I.E.3

where the Josephson current is,

I.(t) = I sind (%) II.E.4
the quasi-particle current is,

Iq(t) = V(t)/RN = (§,/2ﬂRN)d¢>(t)/dt_ IT.E.5

37. J. Bardeen and J.R. Schrieffer, Progress in Low Temp.
Physics III (1961), p.T70. .
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and the displacement current is,
I.(t) = @g/2m)a2$(t)/at II.E.6

Neglecting the junction capacitance, the total current

becomes,
I= ca/zﬁRN)d+(t)/dt + Imsin¢(t) II.E.7
Solving for ¢(t) and using Eq.II.E.2 , it is found
that V(t) varies rapidly with time but always remains

positive. An externally comnected voltmeter measures the

time~average given by,
V/IR, = [1 - (Im/I)ZJ% II.E.8
mN - L] &®

This relation was developed by Stewart38 and is

plotted, in reduced coordinates, in Fig.8.

38, W.C. Stewart, Appled Physics Letters 12, 277 (1968).



Fig.8 Reduced Current~Voltage Characteristics
of a Josephson Junction (from Stewart's theory).

II.EBE.2., Pluctuations.

The calculations above neglect the effects of
fluctuations. If these are large enough, they can modify
the current—-voltage characteristics and completely de-

couple the phases across the normal metal barrier.

To consider the effect of fluctuations on the
current—voltaze characteristics we must add a new, time-~

dependent current to the differential equation, Eq.II.E.T7.
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It becomes,
I = (%/2mRy)a¢(t)/at + I sind(t) + L(t) II1.E.9

where L(t) is a fluctuating noise current. Ivanchenko

and Zil'berman39 and Ambegaokar and Halperin4o have solved
this equation by converting it into a Fokker-Planck

equation. The resulting integral form is,

27

/Ry = (4’Vb’){[exp(lwx/l ) =T ‘[S (¢>d¢]£§f ) ad]
Sd@l’g 9’ "(¢)/o(¢)} II.E.10

where g($) = exp[U(¢)/T] and U(P) = %TX[(L/Im) + cos¢ ]

and,
Y = ﬁIm'/ekT IT.E. 11

Ambegaokar and lialperin have performed this inte;
sration numerically, and ilhe results are reproduced in

P1i5.9.

39. Y.H. Ivanchenko and L.A. 4ilfberman, Lxp.
Fiz. 55, 2395 (1968).

40, V. Amberaokar and B.I. lalperin, Phys. ev. Let.
22, 1364 (1969).

i, Teor.



I.O T
la0,
20
10 :
)
2 'V /0
z 05 -
-t
~
o]
0 ] 2 3
V/L,R |
i 0 0.5 X
V/IM Ry

Fig.9  Reduced Current4VoltagF Characteristics
of a Josephson Junction with Noise Fluctuations.,

The coordinates are those of a reduced current and
voltage. ¥ is a parameter whigh indicates the degree %o
which the fluctuations produce an effect on the character-
istics. In the 1limit, as ¥ approaches infinity, the
fluctuations produce a negligable effect. In this limit,
the characteristics obtained are identical to those ob-

tained by Stewart (Eq.II.E.B8).

The resulits of Ivanchenko and Zil'berman are ident—

ical to those found above. In their analysis, the source
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of fluctuations was noise in the external circuit, repre-
sented by a temperature, Tf, greater than the junction

temperature. These effects have been observed here.

II.E.3. Current Steps in the I~V Characteristics.

If an r.f. electromagnetic field is applied to a
Josephson junction, current steps can appear in the I-V
characteristics under certain conditions. If, in addition

to the field, a d.c. voltage, Vog given by,

v, = (B /21) II.E.12

is biasing the junction, a step will occur. wis the freq-
guency of the r.f. field. This follows from Egqs. II.E.1

and II.E.4 if one substitutes an r.f. voltage V1c03'uft

for V933 The steps also occur for voltages corresponding

to harmonics of z-, and were first ohserved by Shapiro41@

41. S. Shapiro, Phys. Rev. Lett. 1ii1, 80 (1963).
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II.E.4. The Dependence of Voltage on Magnetic PFields,

As shown by Eq.II.D.8, the maximum critical Josephson
current depends on the magnetic flux, passing through the

junetiom. This flux is,
§ = 2rHd IIGEQ 1 3

where r 1is the radius of the junction (assuming a
circular contact), d = dy + 2X, éfN is the thickness of
the normal metal barrier, and 2rd’ is the cross-sectional

area, normal to the flow of current.

A convenient expression for the reduced voltage can
be found by substituting Eq.II.D.8 into Eq.II.E.8. The

result is,
2 2...2 3
‘V’/ImRN = [(I/Im) - (&/2wrHd) “sin“{(2#vrHd/%E,) ] IT.E. 14

In Fig.10, an example of Eq.II.E.14 is plotted in
terms‘of the reduced coordinates, V/ImRN and 2wrHd/%. .

A value of I = 1.1 Im has been chosen for the current.
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L H I 1 L A
~15 -1.0 ~-05 [+] 0:‘: 1.0 15
QAH/E,

Fig.10 Voltage Across the
Junction vs Magnetic Field.

In practice, when a mechanical contact is made between

two crossed wires, it is likely that the contact will be
42
formed in more than one location . Fig.11 represents a

s eeSTR R RTINS N

5 i
42; ,/,/§€22Z2§//////’//
Pig.11 A Hypothetical

Mechanical Contact.

42. J.E, %immerman and A.H. Silver, Phys. Rev. 141, 367
(1966).
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a possible configuration of such a situation. The dotted’

lines represent the penetration depth.

Under these circumstances, there are two or more
Josephson junctions in parallel and the V-H characterig-

tics will be changed. They may be obtained by substituting
Eq.II.D.9 into Eq.II.E.8. The result is,

V1 Ry = [(1/1) % (8, frak) 2cos® (rajy/3, )sin® et/ £,) TF
II.E.15

where ¢ is the cross—sectional area of each junction and
C.. is the cross-sectional area enclosed by both junctions
{a ‘double contact). Bg.II.E.15 is plotted in Fig.12 in
terms of reduced coordinates. A value of I = 1”1Im has

been chosen for the current.

g

-~ o

osf

——
n
o

5 2

/LAY

Fig.12 Voltage Across a Double
Contact Junction vs Magnetic Field.
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I1II. Description of the Experiment.

III. A. Introduction.

The purpose of this experiment was to measure the
electrical characteristics of the ©SNS mechanical-contact
junction as a function of temperature, magnetic field
and normal metal parameters {(where one hoped to work in
both the clean and dirty limits of the normal metal). It
was also desired to introduce a second current, by means
of the normal metal, directly into the junction area and

observe the effects on the I=V characteristics.

When this work was started, there was no experimen-
tal evidence that an SNS contact behaved as a Joéephson'
junction. Previous experiment326943 had shown that super—
currents would pass through such a junction if €§N were
thin enough (5M¢z3000 angstroms) but the theoretical basis
for this effect was not known at that time. The behavior
of an SNS Jjunction had not been studied in a magnetic

field and the inherent noisiness of the contact made the

43, H. Meissner, Studies of Contacts With Barriers in
Between, ONR Report Nonr. 248 (49), 195C.
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determination of critical currents near T, very difficult.
The functional dependence of the critical current upon the
normal reéistance of the Jjunction was unknown and results
seemed to indicate that the current carrying area of the
junction was three or four orders of magnitude less than

the load bearing area.

The sfudy of SNS mechanical contacts are of inter-
est because it allows the control of the parameters of
the normal metal and superconductor. Other junction
forming vechniques, such as vapor éeposition of the metals
in seguence, alter the properties o6f the material. For
instance, it is kaown that44 the density of copper films,
deposited at 77K, have a demsity of only 2/3 of their
bulk value. In addition, diffusion between the metals
can be a serious problem unless the deposition is carried

out at low temperatures.

The SNS Josephson junction is also of interest
because of the possible device applications. The low

resistance of the normal metal {as opposed teo the SIS

44, A, v, Bassewitz and G. v. Minnigercde, Z. Physik 181,
368 {1964).



Josephson junction) allows much higher critical currents
and, as mentioned, provides a third terminal for possible

control applications.

In these experiments, gold was chosen as the normal
metal. It is useful because it does not exidize, it has
a low resitivity and can readily be grown as a single
crystal. The superconductor was tin. A mechanical,
crogssed-wire contact was formed at 4.2K ; under & con=-
trolled force. The gold {either electroplated or in the

form of a single crystal) was sandwiched between the tin

Wires.

I1II.B. The Cryvostat.

The cryostat consisted of a glass dewar {(con-
taining the experimental apparatus) supported within a
cylindrical brass can. The latter is connected to a
mounting plate and vacuum line. The brass can is placed
in a metal dewar containing liguid nitrogen, such that the
top of the can stays at 77K; This reduces heat flow into

the cryostat.

The brass can is connected to the mounting plate

50
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and sealed with an o~ring. .The vacuum line leads to a
Kinney KS~47 mechanical pump. The helium bath tempera-
ture can be varied from 4.2K to 1.4K by pumping on its
vapor. The pressure is measured with a mercury-filled
U-tube manometer. The corresponding temperature is found
in the NBS 1958 Helium Vapor Pressure-Temperature Scale
Table45e Pressures are read to an accuracy of & 0.2mm,
corresponding to an accuracy of a fraction of a millidegree

at 3.7K and to several millidegrees at 1.4K.

‘ The metal construction of the cryostat shields the
interior of the dewar from most r.f radiation. However,
it is possible for some radiation to enter the cryostat
through a few un-shielded leads so that our experiment

is not completely r.f field free.

Non-magnetic materials are used in the construction
so as to allow the penetration of externally applied
magnetic fields. 1In particular, we must be able to com-

pensate for the earth's magnetic field.

45, National Bureau of Standards Monograph 10 (June 1960).
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The temperature of the helium bhath is stabilized at
any desired point with a phase-sensitive tempefature con-
trollerxr *, a manganin wire heating element and a carbon.
resistor thermometer. Allan~Bradley carbon composition
resistors (100 ohm) are also used as level detectors in

the cryostat.
Stray magnetic fields, including that of the earth's,

must be compensated at the location of the experiment.

This is accomplished with an external Helmholtz coil.

ITXI.C. The Sample Holder.

The purpose of the sample holder is to support the
superconducting tin wires and the gold film mounted be-
tween them. It must also keep them separated until they

are cooled to 4XK.

The sample holder is mounted in the cryostat as shown
in Fig.13. A spring-loaded tensioning device is mounted
on the top of the cryostat and a cord passes down to a

leaf spring on the sample holder. The force is variable.

* Designed and built by H. Meissner.
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Fig.13 A cut-away view of the
cryostat and sample-holder mount

The sample-holder is shown, in more
The hole seen on the top at the left, is
tube., It also allows the passage of the
spring. 'The other hole is for the upper

This holder may be moved up and down for

detail, in Pig.14.
for the support
cord to the leaf
tin wire holder.

proper height ad~-

justment. On the bottom of the sample-holder, there is a

phosphor-bronze leaf spring. One of the

tin wires is

mounted on a phenolic sheet, which is fixed to the
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spring. The other is mounted, at right angles, gbove it.
The wires may be positioned with a fraction of a milli-
meter separating them. When desired, the leaf spring may

be drawn up and contact made under a controlled force.

e |/ 4 |N we—

’/ / / Ve
/ @
y
yd / PHENOLIC BLOCK @
7 ADJUSTABLE
SAMPLE
TI MOUNT
K
= PHENOLIC
R >
BRASS
SAMPLE MOUNT

Fig.14 Sample~Holder

The crossed-wire geometry of the contact is shown in
Pig.15 (tin-electroplated gold~tin) and Fig.16 (tin-
electroplated gold + gold film-tin). The current and
potential leads are arranged in standard "H¥ pattern.
Originally, the leads were soldered directly to the tin
wires. However, it was felt that this might allow super-

current loops, with disruptive magnetic fields, to form
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o N N
AU PLATE = O
$

Fig.15 SNS Contact Fig.16 SNS Contact
With Plated Gold. With Gold Pilm.

at the connection. In later experiments, the connection
was made by means of brass screws with leads epoxied to

them. When a second current was passed through the junc-
tion, the lead was attached directly to the gold film by

means of a wire hoop supporting the film.

When a gold film was used in the experiment, it was
positioned over one of the tin wires, as shown in Fig.17.
The film is suspended on a copper wire hoop that is at-
tached to the spring-loaded adjusting mechanism shown.
This device is made from brass, incorporates a stainless
steel (non-magnetic) coil spring and an 0-80 brass screw

to vary the height of the hoop.
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TIN WIRE
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-L.LOADED & o j~;/;,a/
ADJUSTING iy P }"~‘“"j"//
MECHANISM prc R B

GOLD FILM

“—~—CLAMP

Fig.17 Arrangement For
Positioning The Gold Film.

Sample Preparation.

It was originally intended that a gold film, with a

long electronic mean-free-—path, be positioned between two

bare tin wires. The large coherence length of the gold

would then permit superconducting tunneling over compar-

itively large distances. Extensive experiments with this

arrangement proved that the technique was not feasible.

An oxide layer builds up on the tin and the resulting

barrier decouples the two superconductors, preventing

tunneling. An exception to this was when no gold film,

or an extremely thin gold film, was placed between the
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tin. Then,the usual SIS Josephson currents were observed.

A solution to this problem was found by electroplating
the tin wires with a thin layer of gold. It was found that
300 angstroms (2) or more, of gold, would inhibit the
oxidation to a degree that a successful SNS junction could
be formed. The technique was to electropolish the tin
wire (99.999% pure, extruded to a diameter of 0.325mm) and
then, very quickly , rinse and immerse in the electroplat-
ing solution. This was done just before the experiment
and no more than 1% hours elapsed ﬁefore the wires were
cooled to 4K. The electroplating éolution was an ammonia
cynanide (Baker's) solution used atb room temperature. The
electropolishing solution was perchloric acid (20 parits)
and acetic acid (70 parts) kept at OQC° An EMF of 4 to 5
volts was used. The gold used in the plating process was

99.99% pure.

After plating, the wire was rinsed in three solutions
of distilled water and then cleaned ultrasonically in

benzene, It was then cut in half and mounted.

With the above technique, the normal resistance of
the SNS contacts was found to decrease by two to four

orders of magnitude to the 10“4 ohm region.
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- The gold film was prepared by vapor depositing 99,999%
pure gold onto a heated, polished salt crystai~(NaCl) in a
vacuum. The gold film thus formed is a single crystal4sa

The substrate is prepared by cleaving a large salt
crystal, (obtained from the International Salt Co., Clarks
Summit, Penn.) and polishing it on a glass blank, covered
with filter paper. The paper is impregnated with a paste
of distilled water, methanol and aluminum oxide powder
(Fisher Alumina Dry Powder, Type B, 1 micron particle
size). As the paste becomes dry, it is dampened with a
solution of 90% methanol, 10% water. When a good polish
is obtained, the crystal, now about 1 inch square and %
inch thick, is ultrasonically cleaned in benzene and

allowed to dry in air.

The crystal is mounted in & bell jar evaporator
within 30 minutes of preparation. It is supported with a
mask on the bottom and a heat sink on the top. The temp-
erature is controlled with a heat lamp and determined with

a thermocouple. The arrangement is shovm in Fig.18.

46, J.W. liatthews and E, Grumbaum, Phil. laz. 11, 1233
(1965).
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SHUTTER

Fig.18 Gold Film
Vapor Deposition Arrangement.

The mask has 3/16 inch diameter holes which provide
a convenient gold film size. It also has an H-pattern

(not shown) which provides a thickness sample.

After the crystal has been mounted, the system is
evacuated and baked out at 160°C for about 18 hours. Then,
over a period of several hours, the crystal is heated
slowly to prevent cracking from thermal stresses. At
a temperature of 410°C the deposition begins. The
pressufe at this point is about 1x10™ torr.” The rate of
deposition, from the molybdenum boat, is about 2000%/min.

At the end of the deposition, the pressure has risen to
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5x10™° torr.

When the vapor deposition is complete, tﬂe crystal is
allowed to cool slowly. It can then be removed and stored
for future use. When needed, the gold film is removed
from the crystal by floatation in water. The salt dis-
solves and the film floats off onto the surface. It is
picked up with a #38 Cu wire hoop, rinsed in water, meth-

anol, and benzene and mounted for use immediately.

III.BE. Masgnetic Field Coils.

There are three Helmholtz coils used in the experi-
ment. The first isalarge colil used extermally and
equipped with an azimuth adjustment, to compensate for
the earth's magnetic field. The second is also used
externally and provides a maximum field of 10 gauss at
the sample in the x-direction (see Fig.15 for a definition
of directions). The third is a small niobium wound coil,
used inside the cryostat. It was designed and built by
P. Tholfsen47 and provides a maximum field (in the y-
direction) of about 900 gauss at 1.4K. The calibrations
of these coils were checked with a Hewlett Packard 428B
d.c. milliammeter with #3529A probe.

47, P. Tholfsen, Ph.D. thesis, Stevens Institute of
Technolosy, unpublished (1969).
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III.F. Measurements.

III.F.,1 Thiclmess of the Normal Metal.

The thickness of the electroplated layer of gold was
determined from the surface area of the tin wire and the
application of Faraday's law of electrolysis. A density
of 19.3 g/cm3 was assumed for the gold, and a plating

efficiency of 96% was taken into account.

The thickness of the epitaxially grown gold films
was determined by optical methods 48,49 using the princi-
ple of multiple~beam interferometry. The thickness sample
was grown on a glass substrate, next to the film. The

accuracy of this method was usually better than BOXe

I1I.P.2. The Mean-Free-~Path of the Gold.

The mean-free-path of the normal metal can be used
in the determination of the coherence length and it in-

dicates whether one is in the clean or dirty limit of the

48. W.F.Koehler, Jour. Opt. Soc. Amer. 43, 739 (1953).

49, R.P.,Duffy, Ph.D. thesis,; Stevens Institute of
Technology, unpublished (1964).
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theory. The mean-free-path of the electroplated gold can-
not be measured directly and it can not be used to deter-

mine §Na That must be determined experimentally.

The mean~free-~path of the single crystal gold films
can be determined by a method developed by Fuchs5o and

51~and Sondheimer52.

reviewed by Dingle
At liguid helium temperatures, the resistivity of a
bulk normal metal is determined, primarily, from its im-
purities. This is increased for thin films by the boun-
dary scattering of electrons from the relatively large
surface area. In order to obtain a bulk value of the mean-

free-path, Y/ , 1t is necessary to eliminate the contri-

0
bution of the boundary scattering.

The resistance of an H-pattern sample of the gold
film is determined at room temperature and 4K. This
information, along with the gold thickness, Jﬁ, the
room temperature conductivity, 6é93, and the ratio of

ﬁo to the bulk conductivity 0;, will give the value of a

50. K. Puchs, Proc, Camb. Phil. Soc. 34, 100 (1938).
51. R.B. Dingle, Proc. Roy. Soc. London A201, 545 (1950).
52. E.H. Sondheimer, Advan. in Physics 1, 8 (1952).



constant, K?, used in the determination of Qoa

Kp = (Rygy/Ry 5)(05gy/ &) (4/0,)  III.F.1

where a value of53 -6593 = 4.1x105 ohm™ lem™ ! and a value
of”4 (90/65) = 1.2x10" Vonm-cm® is used. From Puchs*
data, a plot of K, vs Jﬁ/ﬂo can be used to find !;.
This is plotted in Fig.19.

ol

ool il e e ]
0.001 0.0l 0.l

J/ge

Fig.19 Ky vs Jﬁ/Qoe

53. Handbook of Physics and Chemistry, 36 (1954-1955).

54, McDggald, Encyl. Phys., XIV (Springer-Berlin, 1956)
P.10C.
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- The experimental values of the mean-free-path are

given in Table 1.

ITT.F.3. The Experimental Set-~Up For I-V Measurements.

Two techniques have been used in the measurement of
the d.c. voltages across the SNS contact. The first,
using conventional methods, was not adequate to accurately
determine the first’small voltages to appear aéross the
contact. This method was used in early experiments and,
later, to check the second method at higher voltages.

The circuit is shown in Fig.20.

RECORDER |~ AMPLIFIER

D.C. VARIABLE pa
CURRENT =%~ SERIES [~ SHUNT [ METER |
SUPPLY RESISTOR
¥
¥ |
!
1
X-Y D. C. |
|
f
I

-
I
i
|
!
|
b

CRYOSTAT

Fig.20 First Circuit Used to
Determine I-V Characteristics.
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The current source is a 0-6 v.d.c. filtered supply. The
.current from this is passed through a variable series
resistance and on to a shunt. The shunt drives the y-axis
of an x~y recorder. The current then passes through a ua
meter and on to the terminals of the sample. The voltage
across the sample is detected with a ILeeds and Northrup
d.c. amplifier, whose output drives the x-axis of the x-y

recorder.

As the construction of SNS junctions was improved,
the normal resistance dropped to the order of a milliohm
or less and junction voltages became very small for the
small criticai currents encountered. The techniques
described above were limited by drift and thermal noise.
The minimum detectable voltage changes were of the order
of 100 nanovolts (nv). To circumvent the problem of
noise and sensitivity, a phase-lock technique was devel-

oped.

For a phase-lock technique to work, the signal to
be detected must be repetitive and fixed in frequency.
In addition, there must be some reference phase for this
signal. A lock-in amplifier (a narrow-band, tunable
instrument that measures the in-phase component of the

signal) is used to make the measurements.
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" To obtain the d.c. characteristics of the junction,
a 4 kHz squarewave, switching between O and I, is
used. When a voltage is developed across the junction, it
switches from O +to V. The lock-in amplifier measures
the r.m.s. value of the princip&d Fourier component of the
squarewave voltage. The output of the amplifier goes to
an x-axis of a Hewlett—-Packard x-y recorder. The recorder
is calibrated, in d.c. nanovolts, with the lock-in amp-
lifier's intermal squarewave generator. This generator is
also used to provide the current for the junction. Its
output is amplified, passed through a variable resistance

and a shunt and then on to the crossed wires (see Pig.21).

5;:“/‘:5 Eaane s;:‘:zi L VARl e UNT b A.cC.
RESISTOR SHUN VOL THETER
GENERATOR AuMp .
yoc.
SYHCH ouTRU
X-Y % LOCK~IN

RECORDER

kS

AMPLIFIER

Y

CRYOSTAT

Fig.21 Experimental Set-Up For
Measuring the Junction I~V Characteristics.
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An a.c. voltmeter (Hewlett-Packard, Model 400E) detects
‘the voltage across the shunt. The amplified d.c. output

is proportional to the d.c. current and drives the y-axis

of the x-y recorder.

The lock~in amplifier is a Princeton Applied Research
(PAR) Model HR-8. A type B1 preamplifier is used in the
input. The input impedance of this unit is of the order
of several ohms and most nearly matches the low impedance
of the junction. With this combination, the noise voltage

is of the order of & nanovolt.

The voltage developed across the junction consists
of a resistive and a reactive component. The latter is
due to the inductance and capacitance of the associated
circuit. By choosing the proper phase setting, one can
measure just the resistive part of the signal, which is
then amplifiéd and converted to a d.c. signal in the lock-

in amplifier.

To summarize this technigue, a d.c. measurement is
made on the junction by sending an interruptgd d.C. cur—
rent through it, detecting the resulting interrupted d.c.
voltage that is generated, amplifying it and converting

it into an uninterrupted d.c. signal.
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I1I.F.4. The Experimental Set—-Up For V-H Characteristics.

The magnetic properties of a Josephson junction are
usually expressed in terms of the magnetic field wvs the
critical current. This procedure involves a tedious
series of current—voltage measurements at various wvalues
of applied magnetic field. When one has obtained 50 or
more I-V traces, the critical current can be measured
and plotted vs H. The complete process can take several
hours for a complete I vs H characteristic at a sin-

c
gle temperature.

This technique has been replaced by a simple, less
time consuming technique. For a fixed current, the vol-
tage is plotted as a function of magnetic field. A second
channel of the x-y recorder is used for this purpose. The
circuit for doing this is shown in Fig.22. Here, the box
labeled *"current supply" (for the SNS junction) contains
the generator, amplifier, resistance, shunt and voltmeter
shown in Fig.21. IH is the current that passes through
the Helmholtz coil, producing the magnetic field. The
shunt provides a voltage output which is proportional to

I

q and, thus, H.
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H - FIELD

SUPPLY.

CURRENT 3o

VARIABLE
RESISTOR

MA

SHUNT 11 ueTer

g VOLTAGE & H g
Y
CURRENT  SUPPLY .
FOR gl
SNS JUNCTION —/\ 1,
H 1 ¥ syncH
Yo% ¥
X—y <V LOCK— 1IN - &
RECORDER AMPLIFIER .
RYOSTAT WITH
ELMHOLTZ cOIL
AND SNS JUNCTION
Fig.22 Experimental Set-Up For

Measuring the Junction V-H Characteristics.

ITI.F.5. The Experimental Set-Up For I~V Measurements

With A Second Current Introduced To The Junction.

A second current could be added to the junction by

means of the gold film.

The circuit for doing this is

shown in Fig.23. The second current was fixed at some

value, either positive or negative with respect to the

junction current, and the I~V trace was obtained as des-

cribed in Sec.III.F.

3o



SQUARE SQUARE | |\ arinaLe Ac.
WAVE [ waveE [l ] SHUNT [ T
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X- Y LOCK - IN VARIABLE
N ESISTOR
RECORDER | X | AMPLIFIER RESISTO
' |
Y D.C.
A CURRENT
CRYOSTAT SUPPLY

Fig.23

D.C. OUTPUT

Experimental Set~Up For

Measuring the I~V Characteristics, With a
Second Current Applied To The Junction.

IV. Experimental Results.

IV.A. The Contact Area.

The tin wires used in this experiment had a diameter

of 0.325 mm. When they were brought together under a

force of approximately 50 grams (at right angles to one

another), the load bearing area was approximately circulan
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It should be noted that the contacts considered here are
‘formed at 4.2K. At this temperature, the flow pressuref
P., of tin is 4.5x10%gm/cn®. The load bearing contact
area,'ﬁrz, is,

‘ﬂI‘z = f/Pf IV@A@1

where f 1is the contact force, and r is the effective

radius of the comtact.

As mentioned in Sec.III.A, previous experiments with
contacts had indicated that the current carrying area of
the junction was orders of magnitude less than the load
bearing area. It was determined here that the load bear-
ing aresa and the current bearing area are approximately
the same. The technigue used was to measure the period,
AH, of the voltage oscillations on the V-H traces. Refer-

ring to Eqs.II.E.13 & 14, it will be seen that,

pBH = 2%/2r(d +2M) IV.4.2

*The flow pressure of gold-plated tin wires was determined
expe§imentallye It was found that the addition of &
3000A 1layer of gold incredsed the flow pressure, over
that of bare tin, by approximately 10%.



This can be solved for r, and yields the area, 1Tr2,
Due to surface roughness and the fact that the contact
is not necessarily ciréularg the area, calculated from
this r 1is not exact. However, the results agree with
load bearing areas calculated from Eq.IV.A.1. A com-

parison is made in Table 1.

un | £+ 25 AH Load Bearing Area |Current. Bearing
N _ Ares

# iy gauss 10"Ccm® 10" Ccm®
7 2720 1.36 10 100

8 2700 | 20.5 | 9.1 0.46
o | 5200] 0.67 3.4 110

] 8000 | 0.72 12,2 40.5
40 8300§ 0.80 11.2 30.2
3 5900 4.00 8.6 2.4
44 10,850 1.23 11.2 7.6
a7 | 4700] 1.34 18. 1 34
g | 11,300 0.92 6.8 12.4
49 11,300 1.23 15.0 7.0
50 8,50¢ 0.93 15.5 21.8
5 8,500 1.23 14.0 12.4
s, | 12,500 0.77 14.0 15.1

TABLE 1. LOAD BEARING AREA OF CONTACT
COMPARED WITH CURRENT BEARING AREA.

The worst agreement occurs when ¢§N is very small.
Then, surface roughness has its greatest effect on the

cross-sectional area of the junction.
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After the completion of an experiment, the contact
area was observed, when possible, under a microscope. The
measured area was generally found to be somewhat larger
than the calculated load bearing area. It is felt that
this discrepency is due to two factors. 'Firstg a non-uni-
form load distribution (see, for example, Figali), over a
small area, could cause the boundaries of the contact
region to enclose a larger area than the load bearing area.
Second, there may be a form of “surface tension effect®
for small areas under stress. That is, the stress at a
local area may deform & near-by region. This effect would
be negligable for large areas {(such as the ones used in
experimentally determining the flow pressure), but might
contribute ﬁo a larger observed depression for very small

areas.

It is clear that one would not expect to see a small-
er area than that calculated from the flow pressure.
Fig.24 1is a sketch of an observed contact area as seen
under a miéroscopee Note the size of the individual

grains.

It will be assumed in this experiment that the load-~
bearing area and the current-~bearing area are the same

unless the latter is self-field limited.
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O. wma

RUN NO. 42
AREA = 15X 10°° cu®

Fig.24 A Sketch of a Contact
Region as Seen Under a Microscope.

IV.B. The Critical Current Density.

The critical current is defined as that current
through the junction for which a voltage first apﬁears
across the junction. It is temperature dependent and;
-near T, difficult to determine., Fluctuations are the

major source of difficulty, as they round the I-V traces.

It was experimentally determined that Im is not
accurately found by nulling the earth's magnetic field

before the experiment and leaving it unchanged. There
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appears to be a temperature dependent field at the contact
which must be nulled for every separate I~V trace. The
effect is especially noticable for contacts with thin
normal metal layers and high critical currents, and is
probably caused by the self-field of the junction currents
coupled with a large temperature dependence of the penet-

ration depth near Tc“

The experimental procedure is to set the current at
a va;ue greater than I and then vary Hx and Hy to
obtain a minimum voltage. After this, an I~V trace is
taken. Below 3K, the procedure becomes unnecessary, ex—
cept for high critical currents. Fig.25 illustrates an

example of an Im vs T trace, taken before this phenomens

[ 7 T T T = T T T T ™
6t RUN NO.8
°°o° 04 g = ‘1855
4_
< %
3 L o ° 5 B
= © 50 o0 %o
L)
2r o o ]
°°°° °°
5 .%e%o 4
o} .. -
1.4 20 26 3.2
T(K)

Fig,25 Im vs T With no Corrections
Made in the Applied Magnetic Field.



was noticed. Fig.26 shows a trace of Im vse T with the

applied field optimized for maximum Ime

2.0 ¥ ] U T 7 T T T T T { T

RUN NO 43
& - 3900 A
i (TOTAL) .

__1of i
<t
= L
2 i
4

Fig.26 I, ve T With the Applied
Magnetic Field Optimized for Ima

The changes necessary in the applied field were génerally

of the order of 0.05 gauss.

The critical current density, jm? will be defined as
the critical current divided by the load-bearing area and
will given in units of a,mperes/cm2a From the simple model
used in Sec.II.C., 1t is seen that the magnitude of jm
varies as exp(wéﬁ/gwﬂ, for a fixed temperature. A plot
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of the logarithm of the critical current density versus the
total normal metal thickness should give a straight line,
if ¥ is reasonably constant. Fig.27 is such a plot, ob-
tained from data taken at 2K. Included in the data are
some results obtained by Meissner43 for gold«plated tin

wire contacts. Note that jc = in the absence of a

J.m
magnetic field.

o
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Zq .

z ° -

Yy h = o °
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2k e b

-5 8 = RR.(EP)

z L a o = RR. (EP +§) B
&= HM. (EP)

L T =2K

L. 5
St e (10" CM}

Fig.27 1n j, ve &y + 4y

. As can be seen from these results, the simple model used

in Sec.II.C is not sufficient to explain the data.

It is felt that the rather high contact resistance,

encountered in these junctions, plays a major role in

7
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determining the critical current. A decrease in resistance
is féund when the tin wires are electroplated with up to
SOOX of gold. Thereafter, no correlation betwéen gold
thickness and resistance can be found. Also, measurements
of the resistivity of gold films at 4.2K (less than 1070
ohm~cm) lead to an expected contact resistance of less than

104 ohms. This is a maximum figure, taking into account

the channel resistance of the contact55o

The results of 20 experiments, performed 5efore the
gold-plating technique was developed, shéwed:that, when the
resistance was more than 10x10™3 ohms, the SNS contact did
not become measurably superconducting. To explain the data
obtained, a model is proposed, based on the assumption
that a thin boundary layer of high disorder and short mean-
free~path exists between the tin‘wire and the gold. It is
proposed that this layer (to be called the “M* layer) is
completely responsible for the anomalous contact resis-
tance. Physically, it is probably composed of gold, tin
oxide and intermetallic compounds. It will be assumed
that the properties of this layer are constant for all

experiments. Only the thickness of this layer may vary.

55. R. Holm, Electric Contacts (Hugo Gebers Forlag,
Stockholm, 1946), p.16,




The new model to be used is represented in Fig.28.

[ad) M
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Fig.28 A Model of the SKS
Contact, Including the M Layer.

Jh is the total thickness of the M layers. Fig.29 shows

'
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)
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FPig.29 Model of the SNS Contact

Showing the Condensation Amplitude.
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the model used to calculate the condensation amplitude; F,
at the boundaries. The dotted line_represenfe‘the straight
line approximation to the boundary wvalue, FSM’ of F at the
superconduc tor-M leyer interface. The unbroken line
represents the shape of F(x)a Repeating the analysis used
in Secs.II.B & C, assuming that F is continuous across the
MN boundary, and assuming that F has the same dependence

in M as in a normal metal, it is found that,

Pep(x) = By ABE) |P5@)] exp (38, /5 ) {
xpl-(x + )/ gp + 16] + expl(x - 2)/5 gp + 10,])

IV.B.1

where 'EEE> is the coherence length in the electroplated -
gold, given by,

L
2

= [hv £ /6nkT]

epep (dirty limit) IV.B.2

Sep

v and & are the Fermi velocity and mean-free-path, and ¥,

is the coherence length in the M layer, given by,

;M = [hv 4 /69kT]Z IV.B.3



Applying Eq.II.C.4, the critical current density is
‘found to be,
2v292en [P ()] 2 ¥y
jC = 55 - ) exp[“(d;:-_p /‘§EP + {M /jm)]
_ Vofp & gGL

IV.B.4

where eM‘gﬁ can be found from the normal resistance of
the contact by,

and where QM is the resistivity (unknown) of the M layer.
Then the In j_ is,

. 2
In j, = a, - JEP /¥gp — Rymr /9M§M IV.B.6

where,
2p2 2
ZVSQSe'h‘FS (ao)l EM

a
2l 2
Vm’Qm m EGL

= 1

" IV.B.7

This expression illustrates the dependence of 1n j c
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on the gold thickness, contact area and contact resistance.

§gp and €ydy must be found experimentally.

Following the analysis of Sec.II.C.; the femperature

dependence of the critical current demsity is given by,

L
2

t

nj, = C, + £(t) - c. IV.B.8

0 I

with the temperature independent constants giveh by,

2v202 en(uv, 4 )E[A(0)12

c = 1n}: 1 IV.B.9

mvizg vz(smmc)’é“(o,%?%)

e
2

Q
]

L = [0k /1o [y / (Vpplpp)®  + Ry @y (v 8,07

IV.B.10

and where f(t%) is given by Eq.II.C.10 and plotted, vs %,
in Fig.4. This temperature dependence is for gold in the
dirty limit and tin in the ¢lean limit. The latter only

-8
involves the value of CO@

In the case where a single crystal gold film has been
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sandwiched between the gold-plated tin wires, the new

‘model must be extended. This is shown in Fig.30.

M M
s, ||Ep N EP|| S,
L v e
X ~¢b -a ) &  be TX

Fig. 30 A NModel of tiie SNS Contact
Including the M Layer; Gold-Plating
and a Single Crystal Gold Film.

The single crystal gold film is represented by "N", and

it has a thic;kness of 5N.

It will be assumed that there is a negligable barrier
between the gold film and the gold-plating, and that F(x)
is continuous across the boundary. Then, following the
same analysis as before, the critical cufrent density is

given by,
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Inj, = a, - &g B - Oy /By - Ryr¥eydy
IV.B. 11

with a, given by Eq.IV.B.7, and where :EN' can be ob-
tained from a measurement of the mean-free-path in the

gold film,

The temperature dependence of the critical current

density, in the dirty limit, is,

C oy Al _ et uE
in Jc(t) = C, + £(t) Cr t Iv.B.12

3
with Co given by Eq.IV.B.9, f(t) given by Eq.II.C.10
[ X}
and with CI given by,

e
c'I' = [6wkT /n]% x

[dp /(Teplep)® + dy /Cgt)® + Rywr®/@u(v £)%]

IV.B.13

If the single crystal gold film is in the clean

limit, the temperature dependence is given by,
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'y
In j(¥) = C, + £(t) -Cp ¥~ Crpt  IV.B.14

with C; given by Eq.IV.B.10 and Cp; given by,
Cpp = [2wkT, /Avyld, IV.B. 15

If Eq. IV.B.6 is correct, the temperature dependent
parameters ¥ and 8, can be evaluated from the data
of fhose experiments where there was no single crystal
gold film. The data at 2.,00K (whlere fluctuations have

a negligible effect) will be used.

The method is to plot 1n jc Versus dpp +
[EEP /GMEM]RN1Tr2e If a straight line is obtained, the
slope will be -1/5pp. It will be assumed that Fpp is
the same for all experiments so that [ EEE,/€ﬁ§M ] is
also constant. This ratio is not known, but can be found
by trial énd error. The data is plotted:for various
values of [EEP /@yfy ] and the value that most nearly

gives a straight line is chosen. This has been done, and

the result is shown in Pig. 31.
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In j, vs &gp + [¥gp /€y JRytr®
The value of [¥pp /€yEy] is 1200 ohm™ 'cm™' for this
plot. The slope of the line gives a value for gEP of

o -
890A. Then eMEM is found to »be T.4x10 9 ohm-»cmza

Included with this data are data from the initial
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results of Meissner43e This data was not taken with the

‘venefit of optimum
3 c obtained would

Now Eg.IV.B.11
from the experiment
used., If 1n 3 c
(in the dirty limit

magnetic field settings, and thus the

tend to be on the low side.

can be checked by plotting the data
s where a single crystal gold film was
is plotted vs dpp +dy 5 pp /__§N +
2, ¥y is found by applying Eq.II.B.5
Jo This has been done‘ in Fig.32.

LN Jg  (Jc IN AMPS/CMZ)

Ty v et

PLATED GOLD ..
| AND
\ GOLD FILM'

2
\ T-2K i

RN W SV WS U0 S S |

L PR T TR SN

10 s,

Sep SSee Ay *Cee/ bR’ ¥
(16%cm)

Fig. 32
+&y Fpp /By + L 3pp /elxtxgz.w]}_il\fﬁrz
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The -dashed line has a slope (w1/§EP) corresponding to
5 .
}EP = 890A and this seems to fit the data quite well.

No attempt has been made to evaluate the intercept
on the 1n j, axis (where the normal metal thickness,
contact area and resistance approach zero) because of the

number of parameters that enter into the evaluation of 4o

However, it would appear that the gold-plated tin contacts

exhibit a larger value for the intercept'than do the con-
tacts with a gold film. This is probably due to an

additional boundary léyer (a monolayer of adsorbed gas on
the surface of the gold) and discontinuity introduced by

the additional gold film,

The temperature dependence of the critical current
density (Eqs.IV.B.8, 12 & 14) can be checked by plotting
in j, - £f(t) wvs t% in the dirty limit. For low .
temperatures, f(t) does not vary greatly and ln‘jC vs
f% should approach a straight line. This has been done
in Fig.33, where only data points corresponding to a cur-
rent density of 1n j, =1, or greater, have been shown.

In these plots, jc is expressed in am.peres/cm2s

clarke?? has made a similiar plot for the data ob-

tained for vapor-deposited thin film Josephéon junctions
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(SNS), and the results are similiar.

Sn-Au-Su Contacrs

-

i

Fig.33 In jc(t) ve 12

To show the complete temperature dependence, the
' i} t .
constants CI ’ CI , and CII must be evaluated. CI is

found to be, at 2.0K,

' 5 7 2
c; = 1.51x10 JEP + 1.82x10 Ry ®r IV.B. 16
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2 is in cmze

where dpp is in om, Ry is in ohms and wr
To obtain this value, the value of L, @ 2.0K had to be
determined from Eq.IV.B.2, with ¥ . = 8.90x10 %cm. This

@

was, QEP = 276x10”80m, C; is found to be,

1] ) ' Py
Cp = 1.51%10° JEP + 2.51x10° fN / (4)* + 1387X107RNTEI‘2
IV.B.17

and CII is found to be,

- 4 :
Crp = 2.1x107d IV.B.18
where lengths are in cm and resistance in ohms.

In Fig. 34, the complete temperature dependence is
checked by plotting 1n j, - £(t) vs t% .« PFor the
dirty limit, the data should give a straight line with a.
slope of - C; « On the figure, the expected slope has
been drawn in as a dashed line. The agreement is good
except for the case of very high current densities. It
is felt that, in those circumstances, the junction is
in the region of self-field limiting. That is, for high
critical currents, the supercurrent is limited to an
area around the edge of the junction, and the actual
current density is considerably greater than that calcu~

lated from the load area. It would be expected that, for
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decreasing temperatures, the measured current density

“would fall below the expected current density.
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Fig.34 1n j, - f(t) ve t°

It can be seen that the data seems to fit the equa~

tions governed by the dirty limit. For a gold film at

2K, with a mean-free-path of 20,0008, ¥, calculated

in the dirty limit, is 2,380% , while in the clean



limit, it is 8,5603° Apparently, a much longe: meannfree'

path is necessary to be in the clean limit.

It should be noted that the term, 1n j, - (%),
is the difference between two logarithmic terms. Very
near T, f(t) wvaries rapidly with t. In this fegion,
there is a very high possibility of error, which could
explain the anomalous behavior of 1n j, - f(t) near

t =1 on Fig.34.

In conclusion, the behavior of the Josephson criti-
cal current density, as a function of contact resistance,
contact area, normal metal thickness and temperature
seems to be well explained by the extended model devel-
oped in this section. The following tables, 2, 3, and

4 provide a summary of the data used in this analysis.
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IV.C. Transition Curves.

The transition from the normal to the superconducting
state is charactefized’by the corresponding reéistance vs
temperature plot. This has been found to exhibit a strong
dependence on the contact current, as illustrated in

Fig.35 for two representative contacts.

L L] L v £ ) L} L L L v L v L ¥ T T A ]
1.0 —

" CURVE | ,RUN NO.40
i Ry 0.306M2,1 = 10 pa

CURVE 2 ,RUN NO.37
R, ® 6.00mn
05|
a:I=240pya
b: X =100y
F ¢ :1°2160pa

R/Ry

Fig.35
Reduced Contact Resistance vs Temperature.

A qualitative explanation for this dependence can be
found if one assumes that the current vs voltage char-
acteristics of the junétion are the same as those expressed
by Eq.II.E.8. If the temperature dependence of j, (as
in Eq.IV.B.12) is added to quII,E98, it is found that,
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R(t)/Ry = [1=- (1 - )4 /x2] IV.C. 1

for temperatures near T,. ¥ is a dimensionless constant,
proportional to the fixed current used in the meaéurement

of R. This expression is plotted in Fig.36, for different
values of K .

R/Ry

05}

Fig.36 An Ideal Plot of
Reduced Resistance vs Temperature,

In an actual experiment with tin contacts, the re~
duced temperature must be referenced to the transition
temperature of tin, under>the pressure of the contact.
For a flow pfessure of tin equal to 495x106 gm/cng the

decrease in Tc is approximately O0.18K, resulting in a T,
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6
of 3.54K > » However, if the tin is under this pressure,

only in the vieinity of the contact, one would expect that,
in the temperature range of 3.54K to 3.72K, some tunneling
could take place across the remaining normal region. This
would result in a continuous decrease in contact resistance

as the température was lowered below 3.72K,

Another effect that enters into the shape of the
R/Ry Vs t characteristics is that of fluctuations.
They are characterized by the parameter ¥, which approaches
zero as the effect becomes worse (see Fig.9 and Eq.II.E.11)
As the temperature of the contact is lowered, the critical
current increases. Since ¥ is directly proportional to
the critical current, the effect of fluctuations will
decrease with temperature. The result of this, on the
R/RN vs 1t characteristics is shown in Fig.37. Curve 1
is a reproduction of curve 1 of Fig.36, not including the
effect of fluctuations. Curve 2 is for the same case,
but including the effect of fluctuations. A noise teump-
_erature of 48K has been arbitrarily chosen. Curve 3 is
for the same noise temperature and a higher value of the

fixed current used to measure R. The curves have been-

56, Nils L. Muench, Phys. Rev. 99, 1814 (1955).



obtained by using Eq.IV.C.1 along with Fig.9 to find R/RN°

R/R,

OS5k

Fig.37 An Ideal Plol of Reduced
‘Resistance vs Temperature, Taking
" Into Account the Effect of Fluctuations.

In conclusion, it is felt that a combination of
Eq.II.E.8 and fluctuation theory is capable of giving
an explanation of the B/Ry vs t curves obtained by

experiment. A detailed calculation has not been attempted.
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IV.D. Current-Voltage Characteristics of the Contact.

The current-voltage characteristics of the SNS con-
tact, as expressed.in Eq.II.E.8, ha#e been obtained
experimentally. A comparison between the theory and the
data is made’in Pigs.38, 39 and 40, for a typical contact.
The I-V characteristic, predicted by Eq.II.E.S,. has been
plotted as a dashed line. A contact resistance, RN’ of

0.309x10™> ohms was used for this temperature.

2007 T T T T 21T T . '

v s TR (1 - (1,,/1)' ve

RUN NO.44

T s 2
ool 27850 K

I (wa)
T

1 RUN NO.44 ‘
1 T = L482 K T

I (pa)

o5 1620 30 4G 50 &0 0 01 02 03 04 05 06
VINYV) v (pv)

Pig.38 I-V Plot Fig. 39 I-V Plot
@ T = 2.45K, Run # 44. @ T = 1,48K, Run # 44.
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The rounding of the I~V curve in Pig.38 is due to

'flucma,‘tionsg and corresponds to a ¥ of about 100,

172

* A0 (5,/3)%)

RUN NO. 44
T=1.482K

20

Pig.40 I-V Plot, @ T = 1.48K, Runy 44.

Fig.41 shows the effect of severe fluctuations on

an I~V characteristic. From Eq.II1.E.11;, the numerical

value of ¥ is,

- 7
¥ = 4.75x%10 Ic/'.rmj_Se IV.D.1

where IC is expressed in amperes, and T in degrees Kelvin.
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Vyy)

Pig.41 I -V Plots at
Different Temperatures, Run # 37.

As the contact temperature is lowered, Ic increases,
thus increasing"g « This data should be compared with
Pig.9. The effective noise temperature for this run is

of the order of 80K.
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IV.E. The Voltage=-Magnetic Field ‘Characteristics.

The magnetic field applied to the SNS junction
alters the junction voltage,; as explained in Sec.II.E.4.
The V-H characteristics are especially important because
they illustrate the unique, periodic behavior, charact-
eristic of the Josephson junction. They have been used,
in Sec.IV.A.;, to confirm the current carrying area of the
contact as being the same as the load bearing area. In
addition, they shall be shown to exhibit direct proof for
the existence of supercurrents in the junction, when the

critical current has been exceeded.d

Fig.42 reproduces the V~H characteristics, at two

temperatures, for Run # 41. The current has been fixed at

T - T T T - T

R T

RUM NO.4I
I=400A
. v o T+=2.586K !
; 4 b:T=22.485K
> .
o ¢ {
1 [ R T 2
-1.0 -0.8 . [+] ’6}5—“ T '-’bh'—_“J
# {8ay3s) .

Fig.42 V - H Plots, Run # 41.
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a small value, and the voltage has Dbeen recorded'as the
magnetic field was varied‘from - 1 gauss to + 1 gauss.

An unexplained effect is noticed here. There is a max-
imum in the voltage at H = 0 (It must be assumed that there
was a stray field of about-0,07 gauss present here). As
the temperature was lowered, this peak in the voltage was

replaced by a minimum, This is shown in Fig.43.

T T T T T
RUN NO.4I
8t I=s4yuA 4
; a: T =2.387K
z b:T =2.275K
> 4t EA -
) \ e L
b,
or 1 . 1 i 1 1
-1.0 -05 (4} 05 1.0

H(GAUSS)

Pig.43 V-H Plots, Run # 41.

Figs.44 and 45 show the V-H characteristics for an-
other junction. The phenomena mentioned for Run # 41.
was not noticed here. There is a noticable discontinuity
in V seen in Fig.44. This is believed to be due to the

critical field of tin.

¥ H ¥ T R
180 RUN NO.42 aT»3636K - T+3829K -7T-3462K
T +6320A »T=3573K 1T=3508K T =338IK

H {6AUSS)

Fig.44  V-H Plots, Run # 42.
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2 af / <:T722.934K, 1= T2UA-
= s
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Pig.45 V-=H Plots, Run # 42.

Tt is felt that, for temperatures near T09 the smooth in-
crease in voitage9 as H is increased, is dﬁe to the supres-
sion- of superconductivity in the tin in the immediate
vicinity of the contact. At these temperatures, there
seems to be no evidence of a Josephson current. However,
it is entirely possible that a supercurrent exists which

is too small to detect.

The discontinuity in the V-H plots, mentioned above,
has been plotted as a function of T. Fig.46 is a plot of
Hp vs T for Run # 38, Hy 1is the magnetic field value for
which the discontinuity occurs. The temperature dependence
exhibited here is similiar to that of the bulk critical
field of a superconductor. A plot of Hy vs T2 yields a
straighf line. However, the extrapolated value of HDg at
T = 0, is approximately % that of the critical bulk field

value. This is undoubtably due to the increase of H in
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Fig.46 HD vs T.

the neighborhood of a superconductor (a result of the Meis-
sner effect). For an infinite cylindricai superconductor
in a transverse field, the field at the surface of the
superconductor should be twice the applied field”!, With
the crossed wire geometry used here, it is quite probable
that the field at the junction is three to four times the
applied field. PFig.47 is a reproduction of some of the
data from which Fig.46 was obtained. As the temperature

is loweredngD increases and more of the Josephson inter—

ference pattern becomes apparent. The value of HD‘is

57. E.A. Lynton, see ref.15, p.25.
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found to be independent of the current through the contact.

]

L=

20

>
-4
> \ / RUN NO. 38
80 \ ; : .
_ 3810K // I-60 UA
~ 'QM/
40— -
0 1 i i i ] J 1, 1 1 1 ],
08 8 4 2 70 T2 4T T8
_H (causs):

Fig.47 V - H Plotsy Run # 38,

The behavior of the V-H characteristics at lower
temperatures is shown in Pigs.48 and 49, The sharp dip
in the characteristic is typical. In Fig.48, this dip is
gshown on an expanded scale as well. FPig.49 shows the

discontinuity in V.

If Josephson tunneling ceased, when the critical
current of the junction were exceeded, there would be no
oscillafionslof the voltage dbserved in the V-H character-
istics. However, with the excess supercurrents predicted

by Stewart38, one would expect to see such oscillations.
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Fig.48 V-H Plots, Pig.49 V-H Plots,
Run # 43. Run # 47.
The magnitude of the voltage oscillation, AV, is
given by,

LV = IRy - v iv.D.2

with V given by quII_eE.,Be AV is measured between
the first and second minimums in the voltage on a V=H

characteristic. It can be rewritten as,



AV = IRN[1 - (1 - Ig / 12)"‘1%‘] IV.D.3

These oscillations have been observed for currents

well in excess of I, Fig.50 shows a plot of AV vs I
for Run # 40. The temperature was fixed at 3.459K and

the current was varied up to 7 times the critical current.

Eﬂ T B ] ¥ 7
30 ' i
]
% RUN NO. 40
- ' T = 3.459K ¥
|1 -
@ 9 Ry 3.06 %10 oHM
= & 1 -
2 20 ; T, = 120 % 16 AMP -
> Y
i
o | Sav e ary(1- (- 121 2) |
> >
< o
10§ N J
.
- \\‘&~‘-‘ -
‘‘‘‘‘‘ —
T -t
0 N 1 ] 1 ]
0 Ic 200 ¢ 400 800 800
I (167 AMPS)
Fig.50

AV vs I, Run # 40.

In the same figure, Eq.IV.D.3 has been plotted for

I, = 120x10™ "amps and Ry = 3006x10“4 ohms, = The agreement

is good,
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IV.}*. The Modification of the I-V Characterist;cs With a
Control Current. o

It was found that, with the addition of a second cur-
rent into the contact, the I~V characteristics could be
modified. The circuit description is in Sec.II.F.5. The
current was introduced by means of the gold film, and it
would flow from the film, through part of the junction
(the actual flow paﬁtern would be rather complicated and
has not been analyzéd) and into one of the tin wires.

The current was considered positive if it flowed in the

direction of the junction current.

The family of I~V characteristics obtained in this
manmer are somewhat similar in appearance to those of
transistors. However, the mechanism is not presently
understood and results found so far show a gain of less
than 1 (current gain). No explanation for the effect will
be attempted here. A typical family of curves, at a con-

stant temperature of 1.36K, is shown in PFig.51.
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T = 136K

Fig.51 A Family of I~V
Characteristics, for Run # 33, With a Second
Current Introduced Into the Junction.
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V. Conclusions.

Using a sensitive phase~lock technique, the SNS
mechanical contact junction has been investigated and found
to behave like an SIS Josephson junction. This supports
the findings of Cla.rke249 who made similar observations
on thin film SNS junctions, with copper as the normal

metal.

The current-voltage characteristics of the SNS

junction have been found to obey the relatibpy
- 2 sr2y7E
Vv = IRy [1 « (Im /I9)1]

predicted by Stewart38e The effects of fluctuations upon
the I~V characteristics, predicted by Ambegoakar and
Halperin4o, have also been observed, and correspond to a

noise temperature of about 80K.

A technique was‘developed to determine the magnetic
properties of the Josephson junction from its voltage-
magnetic field characteristics. The observed oscillations
DAY, of V with H, were used to determine the current
bearing area of the contact. This was found to be

approximately the same as the load bearing area (Aw10”5cn?)
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in contradiction with earlier results?3. The load bearing
area was observed microgcopically, visually confirming the
calculated area. In addition, an expression for AV vs H

was derived for the case when I 7'Im@
AV = IR.[1 - (1 - 1° /12)‘%]
- i m

This result was verified by experiment, and provides
additional confirmation for the presence of excess super-

38

currents in the Jjunction.

The resistance~temperature characteristics of the
junction, illustrative of the transition from the normal
state to the superconducting state, were plotted and their
shape was qualitatively explained by the theory of

fluctuations and excess supercurrents.

It was found that a second current, introduced
directly into the normal metal area of the junction, can
change the I-V characteristics and act as a control cur-
rent. The gain (if this effect were used for ampli-
fication) is currently a fraction of unity, and a theory

for the effect has notv been aittempted.

The critical current density of the junction was
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found to be dependent on self-~fields near Tce The de-
pendence 1is g function of temperature and the effect must
be compensated by externally applied fields in order to

obtain completely valid data.

The simple model of a SNS junction, proposed by

deGennes19

and used by Clarke24 to describe the thin
film SNS junction, was not adequate to describe the cur—
rent density of the mechanical contact junction. A
modification of this theory has been made to account for
the higher resistance of this type'of junction. An ex-

pression for the current density was found to be,
. ‘ 2
Inj, = a = Ogp/Spp - TR /G,

where 'EEE’ is the coherence length in ‘the gold, 6%&’ is

the thickness of the gold (electroplated), 6}1 is the

resistivity of a boundary layer assumed to be responsible

for the contact resistance RN’ §r1 is the coherence

length in this boundary layer, the contact area is 7Tr2

and 8y is a constant. With this model, the current

density was reasonably well accounted for and the data
0

vielded a value of }EE; = 8904 2 2K and G;1§ﬁ =

7.4x10"° ohm-cm® & 2.



This model also predicts a temperature dependence

for the critical current density,
. 1 t .%.
in gc(t) = C, + f(t) - Cp t
where C; and C; are temperature independent constants.
f{t) has a known temperature dependence and has been
-

plotted (see Fig.4). C; can be calculated from measured

parameters and the predicted slope of 1In j, - £f(t) wvs
1

12 gives reasonable agreement with the data.

With the addition of another layer of gold (N) to
the junction, the current density is found, from the model,

to be,

in j, = a; = cg.‘.P/;EP - JN/EN - m’231*1’/@:3:11

The experimental results fit this expression with

reasonable agreement.

It had been hoped that the clean limit of the gold
would be reached by growing the additional N layer as a
single crystal. Ffom the temperature dependence of the
critical current density, it appears that this goal was

not obtained.
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